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THE EFFECT OF MOLY¥BDENUM, TUNGSTEN, AND VANADIUM ON THE
ANNEAL HARDENING OF COLD WORKED 18Cr-12N1
STAINLESS STEEL

Ichiro Morimoto,. Toshiyuki Suzuki, and Masayukl HijJlkata,
National Research Instilitute for Metals, Tokyo

I. Introduction

The authors previously reported that, when 18Cr-12N1 staln-
less steel is given powerful cold working and a sultable heat
treatment, it will display spring properties comparable to those
of beryllium steel. Furthermore, the magnetic permeability will
not exceed 1.02 (300 Oe). Therefore, it is useful as a nonmag-
netic spring material [1, 2]. Here are reported the results ob-
tained when 1t was dissolved in austenite and when molybdenum,
tungsten, and vanadium, which were expectedtto Iincrease the
strength [3, 4], were each added indi¥idually for the purpose of

improving the mechanical properties and the spring properties. The

effects after cold working and low-temperature annealing were
investigated.

II. Specimens and Experimental Methods

The themical analyses of the specimens used in these experi-
ments are shown in Table 1. The method for preparing the
specimens was the same as that in the previous report [1]. After
heating in a wacuum high-frequency furnace, they were given
annealing, hot rolling, solution heat treatment, and ¢o¢ld rolling.
The thickness of the test pleces was 0.5 mm.

For the mechanical properties, the Vickers hardness, the.
ten511e strength and the Young B modulus were measured For the

¥ Numbers in the margin indicate pagination in‘the‘foreign text.



TABLE 1. CHEMICAL ANALYSES OF EXPERIMENTAL STEELS (wt-%)
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spring propertles, the spring limit (Federblegegrenze) as pre-

scribed in DIN 50 151 was measured using a Siemens tester. Test

pleces 10 mm wide and 200 mm long were supported at two points

and pressed down at the center in order fo deflect them. The

deflection was gradually inecreased, and the value was indicated 1n

terms of the maximum surface stress when There was a permanent

set of 0.05 m after the stress had been removed. The appearance

and a diagram of the tester are shown in Photo 1 and Fig. 1. The /347

magnetic permeability was measured with a ballistic galvanometer
type fluxmeter with a magnetic fileld intensity of 300 OQe,

III. EExperimental Results and Discussion

1. Mechanical Properties

The relatlionships between the reducticn of area by cold
working on the one hand and the hardness and tensile strength on
the other are shown in Fig. 2. As the reduction of area increases,
naturally there is also an lncrease in the hardness, but at a
reductlion of area greater than 50%, the rate of hardening by
working is relatively small. When molybdenum i1s added at the cold
worked state, there is a slight increase in the hardness, but
addition of tungsten and vanadium has no effect. Specimens given
0% cold working all had a hardness of 400-450 DPN. Since there
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Fig.1 Schematic view of spring tester ;(1jdial gauge,
{2)contact point, (3)glow lamp, (4)knife cdge,
(9} loading key, (6) steps for strain adjust- .
ment, (7) span adjustment screw.

is almost neo formation of marten-

site as a result of coeld working of
18Cr-12Ni stainless steel [5], the
hardening 1s probably caused

chiefly by work hardening. Since
molybdenum, tungsten, and vanadium
are all ferrite~forming elements, it
is believed that specimens ¥biwhich

these elements have been added
will tend to produce marten-~
site as a result of cold
working more easily than in
the case of C~1. However, on
the basis of the results in
Fig. 2, when there are addi-
tions of appreximately this
amount, there iIs solid solution
in the austenite, and the
8oscalled solid solution
hardening effect can be ob-
served to a certain degree.
However, it would be incon-

ceéivable that any martensite sufficient to make a contribution to

the hardness could be produced by cold working.
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i Fig.2 Efiect of cold working ou harduess and tensile strength of
Lo 18-12 stainless steels.
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The tensile strength also rises as the reduction of area
cold working incréases. Addition of molybdenum, tungsten, and
vanadlum increases the tensile strength, and in each case as the
amount added is increased, there are increases In the tensile
strength. The tensilé strengths of samples given 90% cold working
are 140 xg/mm® for C-1 and 145-150 kg/mm? for those to Whilch

molybdenum, tungsten, and vanadlium were added.

In Fig. 3 are shown the changes in hardness following low-
femperature annealing of specimens which have been given 90% cold

working. The hardness increases with the increase in the

§
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.3 Relation between annenling temperature
and hardness of cold rolled stecls.

afii€aling temperature, and in all
cases there is a maximum value at

500°C.! When the temperature

reaches its maximum value, and if
any further amounts are added, the

hardness will decline. It i1s

mom(&wm”‘>"4' exceeds 500°C, there is softening
300 g on aecount of the recrystallization,
i but the Msseries and W-series
200 T soften less easily than the C-1 and
' ;mof"¥“i:l;éfJ‘ V-series. In all cases, the addi-
. t“ﬁﬁ?g%fiﬁﬂw tion of molybdenum, tungsten, and
- { vanadium is effective in increasing
- =300 i the hardness after low-temperature
% annealing. When molybdenum and
( 200 TR ) tungsten are added, increases in
B0 o RN the amounts added are followed by
% M&fﬁ;f%?;i?’:t\ ; increases In-the hardness as well.
o 5_ 1 C f i'f However, when a certain amount of
// 300ty N vanadium is added, the hardness
Tig

believed that this is because ::- .,

! We wish to discuss the mechanism of low-temperature annealing
hardening in our next report.



vanadlum tends to form carbides readily. The carbides are supposed-
ly precipitated on the crystal graln boundary and reduce the effect
of the solid solution hardening. When we compare the effects of
addition of molybdenum, tungsten, and vanadium at the tdentical
atm%, the highest hardness obtalned 1s that of M-2 (500 DPN). That
of W-3 is 500 DPN, and that of V-2 is 485 DPN. Molybdenum and
tungsten have approximately the same effect, and vanadium is some-
what inferior.

In Fig. 4 are shown time-
hardness curves for specimens
glven 90% cold working when they
were annealed at 800°, 500°, and
600°C, respectively. At 400° and
500°C, in all cases the hardness

increased rapidly several minutes

after heating, displayed a ten-
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g4 Time-haedness curves of coid rolled steel:

P eated a0 (1) 400°, (6] 509°, ¢3mmc‘ value had been reached, there was
! frer 009 roduction. .
- ST T gradual softening. Specimens

to which molybdenum and tungsten
had been added had extremely slowhsofteningdiindcomparisonmwighs iow
C-1. This, it is believed, indicatésebhat WwhenchBBrizaNl stain-
leggs steels are used for springs, addition of molybdenunm and
tungsten is effective in cases where a certaln degree of heat
resistance is necessary. It was also learned from these results
that a retantion time of 1 hour 1is sufficlent for léw-temperature
annealing.



Fig, 5 shows the changes in
the tenSile'strength'caused by
low-temperature annealing in
specimens glven 90% eold working.
The relaticnship between the

ole-ie-ul |
\ I tensile strength and the annealing
;qo&?&i‘ﬁﬁ -
= i temperature has approximately
§,m; ;___ S I the same tendency as the rela-
= tionship between the hardness
gfg; and the annealing temperature.
§ In every case, the maximum tensile
—

strength is that which occurs in
annealing at 500°C. The in-
crease 1s approximately 10-20
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Fig.6 Change of Young's modulus of 18-12 stainless steels by
- cold rold rolling and low temperature anncaling.

o nperatus L Fig. 6 shows the
_ changes in the Young's
modulus caused by cold working and by low-temperature annealing.

The Young's modulus was sought from the deflectlon when a known
weight was applied on one end of a cantilever, in the same way as

. 2 The lengthwise direction of the test pleces was paraliel to the
rolling direction.



as a result of cold working, and low-temperature annealing caused
it to increase, although there were complicated changés in this
case. This coincides’wéll_with the results obtalned by Tzuml et
al. [6] with nickel silver. The addition of molybdenum, tungsten,
and vanadium also brings about decreases in the Young's modulus.
When specimens were annealed for 1 hour at 500°C after having been
given 90% cold working, thelr Young's modulus was approximately
16,500 kg/mm2.

2. Spring Properties

We reported 1lnaa previous paper [1] that the spring limit of
18Cr-12Ni stainless steel undérwent few changes in cold working,
but was remarkably raised by low-temperature annealing. However,
the ultimate value reached after low-temperature annealing will be

ﬁigher the greater is the reduction of

area by cold working. Thus, we first

i ‘60.m42$ . investigated the relationship

i \40 | w__bﬂgéﬁﬁé between the reduction of area by cold

ﬁ*% T c-4 : working and the srping limit value.

L 0 The results are shown in Flg. 7. In /349

;;jso P ) every case, the spring limit rises

g §40__ ,:;gﬁ;ggﬁgé as the reduction of area increases.
T e - ; The additlon of molybdenum, tungsten,
_5 . j and vanadium alsc improves the spring
fgggL R | f limit value. Next, in Fig. 8 we
E' 18-12-Mo -;LEiMﬂ;E show the changes incthe spring limit

y 74O;M]x 51;2;?1;3 value accompanying low-temperature

B 'fr’ annealing of specimens which have

i 2L s 25 o undergone 90% cold working. The spring

| Reduction of Areal%) limit value increases remakkably as the

E Fig.7 Effect of cold working on Feder- aanéadingnéefperatureetstratséd. In

P

biegesrenze of 18-12 stainless steels,




{ S M-2 1t reaches its maximum at

' ‘ 1 650°C, and in W3 and V-2 at
600°C. The value is 107 kg/mm°
in M22, 117 kg/mm? in W-3, and
94 kg/mm2 in V-2. In comparison
with C-1, the value for M-2 is
30 kg/mm2 higher, the value for
W-3 is 40 kg/mm? higher, and the
value for V-2 is 15 kg/mm2
higher, Thus, the addition of
811 three elements, molybdenum,

Fedé;biégeérenze !kg/nwnzj“

!
i

tungsten, and vanadium, is ef-

fective, and molybdenum and

tungsten are both especlally
effective.
i i G : | Generally speakin when
| 506 Zo0 300 400 5007 600 700 ¥ 8p s
Tempergture {°C) L cold-worked austenitic stainless
fFig.S Relation between anncaling temperature and steels are given low-temperature
[ — Federbiegegrenze of cold rolled stex':ls.-

anneallng, there is a pronounced
rise in the steingclimdéit as com-
pared with the hardness and the tensile strength [7]. The spring
limit value corresponds to the yleld strength in tension testing,
as 1s clear from the measuring method. Therefore, the pronounced
incréase caused by low-temperature annealing is understandable.
Furthermore, the annealling temperature at which the spring 1imit
reaches its maximum value is 600°-650°C, which is higher than

that for C-1. This is also more than 100°C higher than the tem-
perature at which the hardness and the tensile strength reach their
maximum values. The cause of this is unclear. Howewer, when
heatling 1s performed for a long time at temperatures in the
vicinity of 600°C, carbides are precipitated on the grain boundary,
and this causes grain boundary corrosion [6]. Therefiére, it 1s

1s believed necessary for the annealing temperature in actual



practice to be less than 500°C when one takes 1nte consideration
the corrosion resistance as well,

3. Magnetic Properties

In Table 2 are shown the changes in themmgpnefic permeability
¥ in specimens given 50%, 70%, and 90% cold working when they were
annealed for 1 hour at intervals of 100°C within the range of
100-600°C. @En the "as-rolled" state, the magnetic permeability
increases slightly as the reduction is increased 1in all cases.

This indicates that martensite was produced by cold working. The
addition of molybdenum does not affect the magnetic permeability,
but the addition of tungsten and vanadium increases the magnetic /350
permeability. It i1s believed that this is §o for the following
reasons. That is, because tungsten and vanadium are strong ferrite-
forming elements, addition of them makes the austenitelless stable
than in C-1, and martensite tends to be produced more easily as a
result of cold working. On the other hand, the magnetic permea-
bility is almost unchanged as a result of low-temperature annealing.
Cina [91] states that the martesnite in 18Cr-8Ni stainless steel
produced by cold working 1s transformed into austenite at tempera-
tures of 500+800°C. 1Imai et al. [10] also investigated the changes
in the magnetic ppoperties accompanying the heating of 18Cr-8Ni
statnless steel which had been given cold working. They report

that they begin to lose thelr magnetic properties suddenly in the
vielnity of 500°C. The reason why the results of measurements of
themmagnetic permeability in these experiments are more or less
constant within the range of 100-600°C is not &kear, although it is
supposédtthat thls may be because the martensite produced by cold
working 1s extremely stable &n the 18Cr-12N1 stalnless steelsgand
transformmations do not commence until the temperature is greater
than 600°C, or perhaps because the austenite caused by heating
changes back into martensite as the temperaturi is lowered.



TABLET2RLEEFFECT. OF COLD WORKING AND LOW-TEMPERATURE ANNEALING
ON MAGNETIC EROPERTYIOR 18Cr-12N3i STAINLESS STEEL

Ps,rmmblhtg (H 300 Ou}
Cold

" Steel rcduqtion As | 100
1) | roll | =

200 1 300 | 400 SUO 600
DC ;rc ! JC ! uC OC

50 |1oz@ 1001, 1,006 1005 1.00! 1,005 1.009
c-1| 70 10271013 LOLT 1007} 1007] 1.0 1.011
0 105 1030 1026 1,019 1:021) 1009 1013

50 {1018 10121010 1008 1007 L1009 109
M-2( 7o 1008 1009 LOLG, 1097 1004 LOLL 1007
%0 | 1028 1022, LO23 LO 1021, L013 1013

' 50 1149|149 |151,1.49 1151 1149 i L43
w-3| 70 (175|175 (175 'L76 172 173|163
90 {193 | 192 {194 190 193|190 |18

{50 rost Toas! 105 1,052 1067, 1.000 1016
v-zl 70 |UIBILIT LIS LITLL 110 1 1086
90 |15 160|155 {161 (161 ] 15 | 182

IV. Summary

The effects of molybdenum, tungsten, and vanadium on the
propertles of cold-worked 18Cr-12N1 stainless steel were investi-
gated, and the following results were obtained.

(1) The addition of molybdenum and tungsten improves the
spring propertiles and the mechanical properties. When vanadium
is added, the properties do not always improve when the amount
added is 1increased, and the maximum value is displayed when a
certain amount‘ia added.

(2) When molybdenum, tungsten, and vanadium are added, the
spring limlt reaches 1ts maximum value in annealing st 600-650°C
but the hardness and tensile strength reach their maximum values
at H00°C and do not differ from cases when these elements are not
added.

(3) When molybdenum, tungsten, and vanadium are added, the
Young's modulus decreases in allceases.

REPRODUCIBILITY OF THE

10 ORIGINAL PAGE IS POCR



(4) The magnetic permeability increases slightly as the
reductlion of area by cold working increases, but there are almost
no changes in it in low-temperature annealing at temperatures up
to 600°C. The additlon of molybdenum,has no effects on the magne-
tic permeabllity, but the addition of tungsten and vanadium
increases the magnetlc permeabllity. Consequently, the addition
of tungsten and vanadium is undesirable from the viewpoint of non-
magnetic spring materials.

(5) The optimum low-temperatureaannealing conditlons for M-2
specimens are 500°C for 1 hour when the corrosion resistance is
taken into consideration. Ninety-percent cold rolled specimens
treated under these conditiens had a hardness of 500 DPN, a ten-
sile strength of 165 kg/mmg, a Young's modulus of 16,900 kg/mm2,
and a spring limit value of 100 kg/mm.
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